Parallel surface nanopatterning by the enhanced optical near-field under small transparent particles has attracted great attention in recent years. The technique offers great versatility for producing nano-features on the sample surface based on the near-field ablation, etching, deposition and surface modification. Theoretical investigation of the field distribution is generally based on single particle models, e.g. Mie theory or particle-on-surface theory, in which the field interactions between the neighbouring particles have not been well explored. In this paper, the electromagnetic field distribution in the different particle array systems is simulated. Both mono-layered and multiple-layered particle aggregations are addressed. The energy flux between the neighbouring particles in a monolayered system reveals the existence of energy flowing from central particles to edged particles. The influence of the surrounding medium on the optical near-field interactions in a multi-layered system is also investigated.
Introduction
Laser-induced surface nanopatterning has become increasingly important due to the rapid development of nanoelectronics, nanophotonics, super-resolution optical lithography, ultrahigh density optical data storage and biomedical devices [1] . Due to the optical diffraction limit for freely propagating photons, light cannot be confined to a lateral dimension smaller than roughly one half of wavelength in the far-field in free space [2] . In order to overcome this barrier, near-field optics (NFO) , or nano-optics, has attracted much attention in recent years. NFO deals with optical phenomena where evanescent waves become significant. This occurs when the sizes of the scattering objects are of the order of the incident wavelength or smaller [3] . Strong evanescent waves are excited preferentially (though not exclusively) at the boundary of two different media and decay rapidly away from the interface. It may have a dominant role over freely propagating photons in the near-field region of the scattering objects. So far, several near-field patterning techniques exist: near-field scanning optical microscope (NSOM) patterning [4] [5] [6] ; laser-assisted AFM/STM-tip patterning [7] [8] [9] [10] ; contacting particle-lens array (CPLA) patterning [11] [12] [13] [14] [15] ; and plasmonic lithography (PL) [16, 17] . In NSOM and AFM/STM systems, expensive and sophisticated hardware systems are used to control the near-field distance for surface nanopatterning. In addition the throughput is too low to be used in an industrial environment, as they are serial writing techniques. The CPLA technique employs a regular twodimensional (2D) ordered array of small particles ranging from several tens of nanometer to several tens of micrometer as lens array, which converts a laser beam into a multiplicity of enhanced optical spots in parallel at focus. The CPLA is, therefore, a high-speed parallel processing technique which permits single-step patterning of thousands of holes/cones on the surface with a few laser shots. For the successful implementation of the CPLA technique, a theoretical understanding by the modeling of the localized field distribution in the particle array system is essential. However, most of previous theoretical investigation was generally carried out based on the single particle models, e.g. Mie theory [18] or particle-on-surface theory [19] , in which the field interactions between the neighbouring particles have not been well explored. In this paper, the EM field distribution in the different particle array systems is simulated, incorporating both mono-layered and multiplelayered particle aggregations. We also study the influence of the surrounding medium on the optical near-field interactions in a multi-layered system.
The Finite Integral Technique (FIT) and simulations
Analytical solution of multiple particle interaction is not trivial, and we seek numerical solution of the problem in this paper. There are several methods for numerically solving electromagnetic problems for an arbitrary geometry. Examples are the multiple multi-pole (MMP) technique [20] , the Green's function method [21] , the finite difference time domain (FDTD) technique [22] and Finite Integral Technique (FIT) [23] , all of which have been applied to solving problems in near-field optics (NFO). The FIT technique, proposed by Weiland, provides a universal spatial discretization scheme, applicable to various electromagnetic problems, ranging from static field calculations to high frequency applications in time or frequency domain. Unlike most numerical methods, FIT discretizes the Maxwell's equation in an integral form rather than the differential ones. In the case of Cartesian grids, the FIT formulation can be rewritten in time domain to yield standard FDTD methods. While in the case of triangular grids, the FIT has tight links with FEM methods formulated in Whitney forms [24] . In this paper, a commercial FIT software package (CST Microwave Studio 2006 [25] ) was used. Within a series of tests, we found that CST works well for transparent particles in Cartesian grids system (FDTD module) while a better accuracy can be achieved for plasmonic particles in triangular grids system (FEM module). In present paper, we have chosen to use FDTD module in CST since it can provide faster speed than FEM module for the relatively large particle (1.0 µm) as investigated in the paper. Meanwhile, the FDTD module can also provide complete spectral response of the system in a single computational run. The FDTD algorithm consists of discretizing the Maxwell equations on a 3D-grid and then, starting from a given initial condition, marching a set of iterative relations forward in time. Upon choosing a suitably refined computational grid (the maximum grid length was chosen as wavelength/10 in the paper), the corresponding numerical solution gives an accurate representation of the dynamics of the electromagnetic field. At the boundary of the computational domain, a perfectly matched layer (PML) open boundary condition was applied for all the boundaries (numerical reflection coefficient < 0.01% with a typical fourlayered PML). The domain size depends on particle number and its arrangement form as well as the surrounding space size. We fixed the surrounding space size to be 250 nm in all directions. For a 7-particles system as shown later in Fig.1 , the mesh cells reach a number of 1,362,102. We set the simulation converges at a energy level of -80 dB which means the solver stops at the moment when the total energy within the calculation domain decays to 10P -8 P of the incident pulse energy. In the following, theoretical studies including both the particle interaction within monolayer and interaction between multi-layered particles are presented. In all modeling, the particle was considered uniform in size with a diameter of 1.0 µm, and a refractive index of 1.51.
In our verification experiment (Fig. 3 below) , a KrF excimer laser (Lambda Physik LPX50) was used as the light source (
ns and repetition rate 1 Hz). The sample was a 100 nm-thick eutectic GeSbTe film coated on a polycarbonate substrate. Monodisperse 1.0 µm spherical silica (SiOB 2 B , Duke Scientific) particles were diluted with de-ionized water and applied to the film surface. After water evaporation, a hexagonally closed-packed monolayer was formed on the surface by a self-assembly process. The sample was processed and characterized by field-emission gun electron microscopy (FE-SEM; Hitachi S-4100).
Results and Discussions

Monolayer particle interaction
In experiments, the monolayer particle array is in hexagonal form. The quality over a large surface area depends on many factors such as surface roughness, wetability, solution concentration and temperature. The array was generally observed as a multi-domain arrangement. At the edge region of the array, particles can be arranged in a random form in which one particle can be surrounded by different numbers of particles. Although it could only affect small portion of the patterning domain in a large area application, the importance of studying the coupling effects become obvious when the techniques was used for selectively patterning of particular site where only a small number of particles were used. Figure 1 shows the intensity field distribution, defined as z-component of the Poynting vector z S I = which represents the energy flowing into the substrate [26] , under particles arranged in different forms: (a) single particle; (b) 3-particles in line; (c) 7-particles in hexagonal form; and (d) an infinite number of particles in hexagonal form. It is observed that the field enhancement factor under the central particle (sitting at 0 = x position) decreases with the number of particles surrounding it. The particles on the edge produce higher intensity field underneath them, compared to the central particle in a line or to an isolated particle. When a particle has six surrounding particles as in Fig. 1  (c) , the field enhancement under the central particle is around 43, which is clearly below the enhancement of 54 for an isolated particle as in Fig. 1 (a) . By contrast, the particles at the edges give an enhancement of 60 which is higher than that of an isolated particle. The peak difference between the central and edged particles in this 7-particle system (Fig. 1c , which is higher than the peak difference in the 3-sphere system (Fig. 1b) where 4
. For a perfect hexagonal array system, the enhancement under each particle is 34 (Fig. 1d) which is lower than the value of central particle in all the other three cases (Fig. 1a, 1b, 1c) . At the edge of a well-order hexago-nal array, the peak difference between central and edged particles was found to be 20
(60% difference). Depending on these peak difference, one can expect some immediate effect that haven't been noticed in CPLA/laser cleaning community, i.e., the threshold for nanopatterning/ laser cleaning could be very different for particles arranged in different forms. According to our findings, we can control the removal sequence of particles when laser fluence increases gradually from low to high values if the sample is processed by a single pulse. First, particles at the large array edge will be removed. This is followed by particles at the array edge, isolated particle and particles within the central region of the array. In the case where multiple laser pulses are used, the area of a particle array shrinks after each pulse due to the removal of particles at edges. New edges are formed after each pulse. The process can be repeated until the array has shrunk to a small number of particles. This can be explained by a process transition from the case of Fig. 1 (d) to (c), to (b) and finally to (a).
To understand why the central peaks increase and edge peaks drop, the energy flux within the contacting plane of neighbouring particles, i.e. in the plane across particle centers, was investigated. Figure 2 shows the simulated energy flow within the plane across particle centers in a lined 3-sphere system. The laser beam was considered to be incident from the top side and the plot in Fig. 2(b) shows the vector plot of Poynting flux viewed from the bottom side in Fig. 2(a) . As can be seen in Fig. 2(b) , the flux in the k-region (central part of each sphere) has a major component in z-direction, indicating that energy flows from the top of the particle to the bottom. In the neighbouring region of particle 1 and 2 (region near H-point), the fluxes become complicated as a singular point H arises in the investigated plane. This means the laser energy (coming from the top as shown in Fig. 2a ) passing through the gap regions will be redirected toward both particle 1 and particle 2, as shown by the solid lines in Fig. 2(c) . Importantly, one can see some fluxes going from H to particle 2 will flow back to particle 1 (dashed lines in Fig. 2c ). This immediately tells why the particles at edges can produce higher enhanced field under them than central particles. In a perfect large-area hexagonal array system (Fig. 2d) , Bloch wave modes can be excited which could make the coupling between neighbouring particles even stronger [27] , leading to a higher peak difference between central and edged particles. Figure 3 shows the SEM image of nanodents near the edge region, ablated by the pulsed laser irradiation through a self-assembled particle array. As mentioned above, the field enhancement peak difference between the edge and central particles can reach As it can be seen, nanodents were formed throughout the region and the ones near the array edges (row 1 and 2) are deeper because of the higher enhancement field under the particles at the array edges. 
Multiple layer particle interaction
In the conventional CPLA technique, it is generally required that the particle array should be in mono-layered form. Multi-layered particles have never been applied in CPLA technique. This is due to the near-field focusing nature of each particle, i.e. the localized laser energy under each particle cannot be efficiently coupled to the underlying layer. To demonstrate this, let us consider a 3-layered hexagonal system (pyramid-like cluster of 11 particles) as shown in Fig. 4(a) , in this configuration the distance between the particle centre of layer 3 and layer 1 can be found as:
where r is the particle radius with 500 = r nm. When the surrounding medium is air or vacuum ( nm from the bottom of layer 3 particle (see the dashed circle in Fig. 4b-1) T P F I FP T . It is clear that in this case there is no significant energy coupling between layer 3 and layer 1. As a result, the field peak under the central particle of layer 1 is only ~5 (Fig. 4c-1 ) which is much smaller than the peak value of 43 in mono-layer system as in Fig. 1(c) . To increase the coupling effect between particles in different layers, we propose here to use a different surrounding medium to tune the near-field focal length of the particle. In our modeling, the refractive index of the surrounding medium was changed from
The corresponding results are shown in Fig. 4b-2 and Fig. 4c-2 . Interestingly, one can see from these figures the focal length of the top layer particle has been extended significantly. The layer 1 particle is almost within the focus region of layer 3 particle. At the bottom of layer 1 particle, the central particle peak has increased to around 10, as shown in Fig. 4c-2 . The enhancement factor could be further increased when a substrate is present in the system [28] . As a result, multi-layered particle array could be applied in CPLA technique for surface nanopatterning. It should be noted that there is a trade-off between the interlayer coupling and reflective index selection of the medium: a medium with a too high refractive index could lead to multiple interference modes, which may raise complexity in surface nanopatterning. Additionally, inter-layer coupling could also be enhanced by altering the sphere size or laser wavelength.
Conclusions
The optical near-field interaction between neighbouring particles have been investigated. In a mono-layered system, the near-fields under the particles at the edge of particle array can produce a higher enhancement factor due to the in-plane coupling of energy from central particles to edged particles. In multi-layered system, field coupling between different layers is weak in the air environment. However, a higher refractive index medium was helpful in increasing the coupling effect between the different layers of particle array. It is possible to use multi-layered particle array for surface nanopatterning by depositing an appropriate surrounding medium.
